Understanding the genetic basis of reproductive isolation is a long-standing goal of speciation research. In recently diverged populations, genealogical discordance may reveal genes and genomic regions that contribute to the speciation process. Previous work has shown that conspecific colonies of Acropora that spawn in different seasons (spring and autumn) are associated with highly diverged lineages of the phylogenetic marker PaxC. Here, we used 10 034 single-nucleotide polymorphisms to generate a genome-wide phylogeny and compared it with gene genealogies from the PaxC intron and the mtDNA Control Region in 20 species of Acropora, including three species with spring-and autumn-spawning cohorts. The PaxC phylogeny separated conspecific autumn and spring spawners into different genetic clusters in all three species; however, this pattern was not supported in two of the three species at the genome level, suggesting a selective connection between PaxC and reproductive timing in Acropora corals. This genome-wide phylogeny provides an improved foundation for resolving phylogenetic relationships in Acropora and, combined with PaxC, provides a fascinating platform for future research into regions of the genome that influence reproductive isolation and speciation in corals.
Introduction
Molecular phylogenies are archival road maps of biodiversity, providing the fundamental framework for interpreting evolutionary history and adaptation.
Accurately inferring evolutionary relationships, however, is made complicated by discordant trees from different markers, as a result of gene duplication, incomplete lineage sorting, selective sweeps and introgression/hybridization [1] [2] [3] . Conversely, genealogical incongruence can also provide important insight into the regions of the genome that contribute to adaptation, reproductive isolation and speciation [4] [5] [6] . In the initial stages of speciation, regions of the genome that generate reproductive isolation may diverge quickly, as they experience reduced effective recombination compared with other regions [7] [8] [9] . Thus, in recently diverged populations where reproductive isolation is incomplete, genealogical discordance may reveal genes and genomic regions that contribute to speciation.
An important trait affecting reproductive isolation in scleractinian corals is the timing of reproduction [10] [11] [12] [13] [14] . Timing of reproduction in broadcast spawners is particularly important because gametes are viable for only a few hours, so individuals that spawn more than a few hours apart are unlikely to crossfertilize [15] . In Western Australia, there are two coral spawning seasons (spring and autumn), and in some species there are two seasonal reproductive cohorts in the population [16] [17] [18] .
Acropora is the most speciose genus of hard corals, with 134 species [19] organized into 19 species groups based on skeletal similarities [20] . To date, molecular phylogenetic studies of Acropora have focused on the mitochondrial DNA Control Region (CR) and the nuclear PaxC intron [11, [21] [22] [23] [24] [25] [26] (hereafter referred to as PaxC), which have produced significantly different phylogenies [11, 22, 27] . Incongruence between these regions has been attributed primarily to introgressive hybridization [11, 22, 23, 27] , but recent evidence suggests that PaxC is under selection and is associated with differences in spawning time, owing to two highly diverged PaxC lineages (F ST ¼ 0.98) that are correlated with different seasonal spawning cohorts in A. samoensis and A. tenuis [17, 28] . Resolution of this issue is important because PaxC is the most commonly used phylogenetic marker in coral studies, but a selective connection may render PaxC unreliable as a phylogenetic marker. Next-generation sequencing technologies provide affordable, genome-wide resolution to resolve phylogenetic discordance, and improve phylogenetic resolution (e.g. [30] [31] [32] [33] ). Here, we construct the first genome-wide phylogeny for the scleractinian coral genus Acropora using a genotyping-by-sequencing (GBS) approach, and compare it with molecular phylogenies from PaxC and the mtDNA Control Region. Tests of congruence among these phylogenies provide a clearer understanding of the evolution of PaxC, and an improved foundation for resolving phylogenetic relationships and patterns of speciation in corals.
Material and methods (a) Sample collection
Specimens of 20 species of Acropora were collected from a wide latitudinal range in Western Australia (figure 1) and stored in 100% ethanol. Three individuals were sampled for each of 17 species from 10 species groups (electronic supplementary material, table S1; except A. stoddarti and A. gemmifera with n ¼ 2), for which accompanying reproductive data were not collected. In three species, reproductive data were collected in the field by examining the size and colour of oocytes in broken branches and classifying the colonies as autumn or spring spawners (following protocols in [17, 34] ). These included eight colonies of A. millepora (four autumn spawners from Ningaloo Reef and four spring spawners from Ashmore Reef; two of each were included in the GBS dataset), and 16 colonies (eight spring spawners and eight autumn spawners) each of A. samoensis (from [17] ) and A. tenuis (from [28] ). Voucher specimens were retained for most samples and are housed at the Western Australian Museum (electronic supplementary material, table S1).
(b) Sequencing
DNA used for Sanger sequencing was extracted from branch tips using DNeasy extraction kits for animal tissue (Qiagen, USA). Partial sequences of the mtDNA CR and the PaxC 46/47 intron were amplified using the primers and protocols described in [17] . We attempted to include three replicates from each species, but some samples could not be amplified across both genes (see the electronic supplementary material, table S1). DNA fragments were sequenced in both directions at BGI Hong Kong, edited manually in SEQUENCHER v. 4.5 (Gene Codes Corp., Ann Arbor, MI, USA), and aligned using ClustalW and Muscle in MEGA6 [35] . Heterozygotes were identified in the PaxC sequences, and IUPAC nucleotide ambiguity codes were assigned to heterozygous bases.
Genome-wide single-nucleotide polymorphism (SNP) data were generated at Diversity Arrays Technology (DArT). DArTseq is GBS technology which represents a combination of DArT complexity reduction methods and next-generation sequencing platforms, and is similar to the widely applied RADseq methodology [36] . Four methods of complexity reduction were tested, and the PstI-HpaII method was selected. Genomic DNA was processed in digestion/ligation reactions principally as per [33] , but replacing a single PstI-compatible adaptor with two different adaptors corresponding to two different restriction enzyme overhangs. Sequencing was carried out on a single lane of an Illumina Hiseq2500 and processed using proprietary DArT analytical pipelines (see the electronic supplementary material for further detail on DArTseq methods). Sequences were blasted against a Symbiodinium reference genome to ensure that only sequences belonging to the coral host and not the symbiont were included in the dataset; however, no symbionts were detected among the markers anyway due to the strength of DArT PL's filtering software (which also filters viral and/or bacterial sequences in SNP marker selection; see the electronic supplementary material for further detail).
(c) Data analysis
Phylogenetic relationships were estimated for PaxC and the CR using a Bayesian statistical framework implemented in MRBAYES v. 3.1.2 [37] , and maximum-likelihood (ML) analyses in PHYML v. 3.0 [38] (detail in the electronic supplementary material). Both genes contained numerous indels, which were coded as single base changes. p-distances between autumn-and springspawning cohorts were calculated in MEGA6 [35] . For the SNP analyses, the SNPs were extracted from the sequences (read length approx. 100 bp) and concatenated into supermatrices, using IUPAC codes for heterozygous loci. ML analyses were rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162182 conducted in RAXML [39] using the GTR þ gamma model of sequence evolution and support for each node was assessed with 100 bootstrap replicates. Because the concatenation of variable SNPs artificially inflates branch lengths [40] , we used the acquisition bias correction implemented in RAXML to generate the final topology. In addition to the tree-based methods, we also conducted admixture analysis in ADMIXTURE 1.3 [41] , and a principal components analysis (PCA) in PLINK [42] for both the entire dataset and on subsets of the data comprising sympatric spring and autumn A. samoensis colonies (n ¼ 16) and allopatric A. tenuis colonies (n ¼ 16).
To test statistical congruence among the different datasets, we used the congruence among distance matrices (CADM) test [43] in the APE package in R [44] using Kimura2 evolutionary distance, and compared the CR, PaxC and the three SNP trees with differing genotype call rates (100%, 90% and 70%). Post-hoc tests were used to identify which datasets were congruent with one another. Contrary to most other tests, the null hypothesis of the CADM test is complete incongruence of the datasets [43] .
Results (a) Sequencing
In total, 85 individuals were sequenced for PaxC and 84 were sequenced for CR. After the indels were coded as single base changes and sequences were aligned and trimmed, segments of the CR and PaxC sequences consisted of 1036 bp and 357 bp, respectively, from 20 species of Acropora. Eighty-six individuals were genotyped using DArTseq methodologies, and after filtering away poor-quality sequences (see methods in the electronic supplementary material), a total of 44 356 loci remained. We filtered DArT loci to include loci that were present at a minimum depth of 8Â and were present in greater than 70% of samples (hereafter referred to as minimum genotype call rate), resulting in 10 034 (23%) loci remaining for phylogenetic analyses. The resolution of the inferred tree topology substantially increased as the SNP data matrix increased in size; using genotype call rates of 100% (413 loci) and greater than or equal to 90% (3085 loci) produced topologies with much lower bootstrap support in the internal branches than when using a call rate of greater than or equal to 70% (10 034 loci; electronic supplementary material, figure S1). As a result, the data matrix with a genotype call rate of greater than or equal to 70% (i.e. up to 30% missing data per locus) was used in downstream analyses. Within each species, approximately 18% of loci were polymorphic, and the average frequency of homozygotes for the reference allele was 0.72 (+0.4; electronic supplementary material, table S2). The CADM global test rejected incongruence ( p , 0.001), indicating that at least one pair of distance matrices were not completely incongruent, although the overall degree of congruence was not high (Kendall's W statistic ¼ 0.43). Posthoc Mantel tests comparing the degree of similarity between the evolutionary distance matrices showed CR and PaxC were correlated, and the SNP datasets were correlated with each other, but there were no correlations either between the PaxC and SNP datasets or between the CR and SNP datasets (table 1) . When compared visually, the PaxC tree was more similar to the final SNP tree (figure 2) than to the CR tree (three discrepancies between PaxC and SNP versus nine discrepancies between PaxC and CR; electronic supplementary material, table S3), therefore the statistical correlation between PaxC and CR, but not between PaxC and the SNP distance matrices, serves to illustrate the significant difference in phylogenetic congruence between single gene trees and genome-wide phylogenies.
The most striking aspect of phylogenetic discordance in this study was that the PaxC tree placed the spring and autumn spawners of all three species (A. millepora, A. samoensis and A. tenuis) into different and well-supported clusters within the major clades ( figure 2) ; however, this pattern was evident in only A. samoensis in the SNP tree and not in A. millepora or A. tenuis (figure 2). The spring and autumn spawners were not separated in any species in the CR tree, which had low phylogenetic signal, as evidenced by the short branch lengths. The differences in PaxC sequences between spring and autumn spawners in A. millepora, A. samoensis and A. tenuis were characterized by multiple fixed differences and phylogenetically informative indels ( figure 3) . The p-distance between the autumn and spring spawners was highest in A. samoensis ( p ¼ 0.017; figure 3a) and lowest in A. tenuis ( p ¼ 0.011; figure 3c ).
(c) Phylogenetic relationships
All methods of analysis recovered three of the four phylogenetically discrete Acropora clades from [11] (the monotypic fourth clade was not recovered because A. latistella was not included in this study), although clade III in PaxC and clade IV in CR were weakly supported by bootstrap values (figure 2). High posterior probabilities extended to finer relationships in the final SNP tree, offering greater resolution of evolutionary relationships than the CR or PaxC (figure 2). Many species in the SNP tree were polyphyletic, with colonies split within clades (A. subulata, A. pulchra, A. stoddarti, A. gemmifera, figure 2 ), and one species that was monophyletic in the SNP tree was polyphyletic in the CR tree (A. spicifera; figure 2 ). Three species were polyphyletic with colonies split between clades III and IV in all of the CR, PaxC and the SNP trees (A. digitifera, A. aspera and A. lutkeni; figure 2) . The SNP phylogeny supported some of the traditional morphologically based species groups, and not others. For example, the morphologically based selago group constituted a phylogenetic group (with the exception of A. loisettae, which was in a different clade; electronic supplementary material, table S1 and figure S1c), and similarly the humilis group constituted a phylogenetic group, which was split into two clades (electronic supplementary material, table S1 and figure S1c). Conversely, the aspera group did not form any kind of phylogenetic group (electronic supplementary material, table S1 and figure S1c).
Phylogeographic patterns varied between species. Some species appeared to show geographical differences between conspecific colonies (e.g. A. divaricata, A, stoddarti, A. digitifera; electronic supplementary material, table S1), but in others that were collected from widespread locations such as the Abrolhos (S288) or Montebellos (S218) and the Kimberley (S138-158) there was little genetic difference between conspecifics (e.g. A. spicifera, A. humilis, A. cytherea, A. intermedia; electronic supplementary material, table S1). Furthermore, in some species, conspecific colonies from the same location were more genetically different to one another than conspecifics from other locations (e.g. A. aspera, A. subulata, A. lutkeni, A. donei; electronic supplementary material, table S1).
The PCA based on the SNP dataset split the genus into three clusters that corresponded to the three phylogenetic clades (figure 4a). These groups were also identified by the admixture analysis confirming that the three phylogenetic clades correspond to clearly defined genetic groups, with only two individuals having more than 25% admixture (A. selago2 and A. loisettae3; electronic supplementary material, figure S2 ). When the A. samoensis and A. tenuis SNP datasets were analysed alone, the results showed clear clustering between sympatric spring and autumn spawners in A. samoensis (figure 4b), but not a clear split between the autumn and spring spawners in A. tenuis (figure 4c).
Discussion
This study is the first to use genome-wide patterns of differentiation to explore phylogenetic relationships in reef-building corals. We combined traditional phylogenetic reconstruction using single-gene approaches, with high-throughput sequencing technologies to reconstruct phylogenies and explore patterns of divergence in the widely distributed and speciose coral genus Acropora. Our results provide insight into the influence of reproductive timing on the evolutionary patterns in this group, and a springboard for future research into the genes that influence reproductive isolation in Acropora.
There are three possible explanations for incongruence between the phylogenies presented in this study. First, PaxC could be a rapidly evolving gene that presents a highly resolved phylogeny, with which other loci will eventually become phylogenetically concordant. However, there is less resolution at branch tips in the PaxC tree than the SNP tree, indicating that the PaxC phylogeny is not more highly resolved, making this explanation unlikely. A second possible explanation is that PaxC is under selection associated with coral spawning season [17] . The PaxC gene in anthozoans is closely related to Pax6 in higher-order animals, which is involved in developing eyes [45] [46] [47] [48] . While anthozoans do not have eyes, they are sensitive to light, and they use light cues to control spawning on a range of time scales [49] [50] [51] [52] ; hence PaxC might function as a type of photoreceptor that cues spawning [28] . A third possible explanation is that PaxC is simply a hitchhiker linked to other aspects of reproductive isolation, as quantitative trait loci for different traits under divergent selection can co-localize on the genetic linkage map [53] . Further investigation is required to separate these two possibilities, and will provide a fascinating avenue for future research into the regions of the genome that influence reproductive isolation and speciation in corals. Regardless of the cause, this result is significant because a selective connection to the timing of reproduction in Acropora indicates that PaxC should be used with caution as a phylogenetic marker in corals, as it can produce spurious relationships.
Irrespective of whether it is functional or a hitchhiker, our analysis suggests that PaxC is located in a genomic region that contributes to reproductive isolation in Acropora corals. Identifying genes and genomic regions that confer isolation is a major goal of speciation research, providing insight into ecological settings, evolutionary forces and molecular mechanisms that drive the divergence of populations [54, 55] . Genes that confer reproductive isolation may very well be leading indicators of evolutionary relationships and define the branches of what will ultimately become the species tree. The level of genetic differentiation between PaxC sequences associated with autumn-and spring-spawning cohorts was higher in A. samoensis than in A. tenuis and A. millepora (figure 3), and at the genome level reproductive populations were more distinct in A. samoensis than in A. tenuis ( figure 4) . This is likely to be a combination of recent polymorphism and incomplete reproductive barriers in A. tenuis (and some phylogeographic structure; see [28] ). For example, some individuals of A. tenuis in far northwestern Australia have been observed spawning twice a year, in both autumn and spring, providing a conduit for gene flow between the reproductive groups in this species [18] . In addition, greater divergence in PaxC in A. samoensis may reflect a longer period of temporal isolation between autumn and spring spawners in this old species; fossils date A. samoensis to 9.4-9.8 Myr old [56] , and fossils of A. slovenica (also in the A. humilis group and very similar to A. samoensis) to the Oligocene (approximately 28-34 Myr old) [57] .
The PCA identified three major genetic clusters that corresponded to the three major phylogenetic clades, indicating these are distinct evolutionary lineages. The genome-wide phylogeny offered greater resolution of evolutionary relationships for more recently diverged taxa than the CR or PaxC, and this resolution was sufficient to reveal numerous polyphyletic species. In some polyphyletic species, conspecifics were in different positions in the SNP and CR trees (e.g. A. donei, A. muricata, A. spicifera and A. pulchra), suggesting mitochondrial introgression between species, consistent with other studies [11,27,58 -60] . Conversely, in three polyphyletic species in particular (A. aspera, A. digitifera and A. lutkeni), conspecifics occurred in the same position in all phylogenetic analyses, they were well supported in all trees, and patterns were consistent between the mitochondrial and nuclear genes, indicating that these are indeed phylogenetic lineages that represent morphologically cryptic species. The degree of differentiation between the phylogenetic lineages in these three species is substantial, as the lineages are split across two clades; moreover, the differentiation is not associated with geography as might be expected in A. aspera or in A. lutkeni (electronic supplementary material, table S1), and may possibly be related to habitat (e.g. [61] ). Advances in molecular techniques in the past two decades have revealed a plethora of cryptic species that are widespread across scleractinian coral genera [61] [62] [63] [64] [65] , and their continued identification is important for estimates of species richness, endemism, range distributions and, ultimately, the conservation of this ecologically important group of corals. Data accessibility. All data from this article are publicly available on the Dryad Digital Repository, including raw DArT-seq data and aligned DNA sequences for PaxC and CR (http://dx.doi.org/10.5061/dryad. 831g1 [66] ). Phylogenetic trees supporting this article are included in the electronic supplementary material. 
